A laboratory and greenhouse studies were conducted to evaluate the effect of different rates (0.1, 0.5 and 1.0 ton ha -1 ) of THIOPAQ elemental sulfur (TES) application to the urea amended calcareous soils on NH3-N volatilization from soil surface and on N uptake efficiency by corn plants. In incubation experiment under laboratory conditions, daily ammonia loss was measured for up to 30 days after surface urea-N applied to soil (200 kg N ha -1 ) using closed dynamic airflow system. Results showed that daily NH3-N loss in tested soils were in the order: M. Ismail > Adam > Abu Bakr soils within the first 18 days of incubation then turned to Abu Bakr > Adam > M. Ismail soils until the end of experiment. Total NH3-N volatilization from urea-treated soils were 50.3, 49.8 and 66.6% of applied N in Abu Bakr, Adam and M. Ismail soils, respectively. Significant reductions in NH3-N volatilization were observed in urea amended with TES and this reduction increased by increasing applied TES rate. The percentage inhibition in NH3-N loss as a result of application of different TES to tested soils ranged between 14.60-37.52, 75.28 -84.52 and 70.00 -77.42 in Abu Bakr, Adam and M. Ismail soils, respectively. The reduction in NH3-N loss by TES was accompanied by a decrease in soil pH and increase in concentrations of water soluble SO4 2-. It is concluded that application of TES by rates 0.1 and 0.5 tons ha -1 had significant effect in reducing ammonia volatilization from surface applied urea. Results of greenhouse experiment showed that TES application and T. thiooxidans inoculation had significant effects on biomass production and N uptake by corn plant. Soil inoculation without addition of S increased N uptake in both shoots and roots by 22.25 and 19.5%, respectively, and reflects the promoting role for bacteria on N uptake. TES application significantly increased N uptake by plant shoots and roots and more uptake was obtained with applied TES and inoculation with T. thiooxidans.
INTRODUCTION
Favorable economics of manufacturing, handling, storage, and transportation have made urea becomes the most widely used form of N fertilizer in the world. World urea supply is estimated at 158.5 Mt in 2009 and 165.2 Mt in 2010 comparing with 152.0 Mt in 2008 (Heffer and Prud'homme, 2009) . Although urea has such advantages over other N fertilizers, it also has an important disadvantages in respect of considerable loss of N which can occur if the urea is surface applied to soil. The loss occurs through ammonia volatilization after urea is hydrolyzed at the soil surface by catalyzes of urease enzyme (Byrnes and Freney, 1995) as follow:
(NH 2 ) 2 CO + H 2 O → CO 2 + 2NH 3
The NH 3 losses due to urea hydrolysis under field conditions may reach as much as 80% of the total N applied (Gould et al., 1986) . The extent of ammonia volatilization losses can be related to a number of soil and environmental factors, including soil pH, cation exchange capacity, H + ion buffering capacity, CaCO 3 content, soil organic matter content, the amount and type of residue present, urease activity, soil moisture content, temperature, relative humidity, wind speed, rainfall pattern, and N source (Watson et al., 2008 and Nelson, 1982) . Although the influence of the individual factors on NH 3 volatilization has been established, the prediction of actual N volatilization losses under a given set of soil and environmental factors can seldom be achieved due to the complex interactions (Bandel et al., 1980) . Ammonia volatilization is intimately tied to soil pH near the fertilizer droplet or granule, which largely determines the ratio of NH 3 to NH 4 + in the soil solution. The urease-mediated reaction of soil-applied urea with H 2 O results in a rapid conversion to NH 4 + . In this reaction, H + ions are consumed and NH 4 + and HCO -3 are produced, causing the soil pH at the reaction site to increase. The magnitude of increased pH is controlled in part by the H + buffering capacity (Ferguson et al., 1984) . Soils with a larger H + ion buffering capacity have been shown to also retain more NH 3 (Izaurralde et al., 1990) .
Approaches taken to decrease NH 3 loss include (i) the use of compounds that retard hydrolysis of urea by reducing the activities of urease which called urease inhibitors (Broadbent et al., 1985; McCarty et al., 1989; Al-Kanani et al., 1994; Watson et al., 2008) ; (ii) banding or incorporation of urea into the soil (Brydon, 1989 and Cambell et al., 1990) ; (iii) mixing soluble salts with urea fertilizer such as potassium chloride, calcium chloride, triple superphosphate, or a mixture of these salts (Ouyang et al., 1998; Fenn et al., 1982) , (iv) using slow released urea fertilizer forms such as sulfur-coated urea (Barsad et al., 1999) and (V) using soil acidifying amendments (Stevensa et al., 1992) .
Elemental sulfur has been used for many years in the reclamation and improvement of sodic and calcareous soils (Hassan and Olson, 1966 and Abdel Fatah et al., 1990) . Recently, more attention is given to sulfur application to soils due to its favourable effects in promoting nutrient availability in soils (Saleh, 2001; Mostafa et al., 1990 and El-Fakharani, 1996) . In addition, sulfur is currently used to coat urea granules to increase its use efficiency by plants (Boswell and Friesen 1993) .
Recovered sulfur production has become more significant as sour feedstocks are increasingly utilized and environmental laws on emissions and waste streams have continued to tighten worldwide. Recovered sulfur from petroleum refining industry increased from 5% of the total production in 1950, to 67% in 1996. Discovery and development of large sour natural gas fields in many countries have also been important factors in this rapid growth. Increased processing of sour crude oil and tighter pollution control has caused most refineries to recover the sulfur content of its crude oil (Eow, 2002) . Historically, sulfur recovery processes focus on the removal and conversion of hydrogen sulfide (H 2 S) and sulfur dioxide (SO 2 ) to elemental sulfur (Chakma, 1997) as these compounds represent the largest source of potential sulfur emission. One of the recent sulfur recovery processes is a biological process (using H 2 S oxidizing bacteria) for gas desulfurization and working at ambient temperatures and pressures (Cline et al., 2003) and the sulfur product is, therefore, called THIOPAQ sulfur, as a trade name related to the PAQUES company owing the know how. One of the biggest unites of THIOPAQ sulfur recovery from sour natural gas is installed in Alexandria Mineral Oil Company (AMOC) near El-Maks area, Alexandria, Egypt, which is producing approximately 13 MT day -1 of elemental sulfur. Application of elemental sulfur as an amendment for alkaline and/or calcareous soils had little attention as an inhibitor for ammonia volatilization. The objective of this work, therefore, was to evaluate the effects of elemental sulfur application rates to calcareous soils on ammonia volatilization from surface-applied urea fertilized soils and its influence on N uptake by corn (Zea maize L.)
MATERIALS AND METHODS

Incubation experiment:-
Laboratory experiments were conducted using three Aridisol soils (Calciorthids) from Abu Bakr and Adam at El-Noubaria region and Mostafa Ismail village at Bangar Essokar region representing the newly reclaimed lands in Egypt. Soil samples were collected from the surface layer (0-30 cm), air dried and ground to pass a 2-mm sieve. The main physical and chemical properties of the studied soils are given in Table 1 . 
* measured in soil saturated water extract # measured in 1:2.5 soil-water suspension
A closed dynamic air flow system (Purakayastha and Katyal, 1998) was used to measure the NH 3 volatilization from the soils amended with urea or urea plus THIOPAQ elemental sulfur (TES). Triplicate samples of 150 g soil were thoroughly mixed with 0.5 (S1), 2.5 (S2) and 5.0 (S3) g TES particles (< 150 micron). The amount of distilled water needed to bring the soil to field capacity was added to each flask. The flasks were covered to prevent soil drying and allowed to incubate at room temperature for 24 h in order to re-establish soil microbial activity. Following the pre-incubation, urea fertilizer was evenly applied over the soil surface at a rate equivalent to 200 kg N ha -1 on an area basis. Each flask was connected to an air flow system immediately after the fertilizer application and the outlet tube from each flask was immersed in 2% boric acid-mixed indicator solution to capture the NH 3 volatilized from soil surface (Al-Kanani et al., 1994) . Before reaching the soil chambers, the compressed air flow was first passed and bubbled through distilled water to dissolve extraneous sources of NH 3 and to produce humidified air. The air flow through the soil chambers was maintained at a rate equivalent to 12 volume exchanges per min. The boric acid-mixed indicator traps were replaced every 24 h for a period of 30 days and NH 3 -N evolved was determined by titration (Bundy and Meisnger, 1994) . The amounts of volatilized NH 3 -N were calculated as percent of urea-N applied. At the end of experimental period, the pH in soil suspensions (1:2.5 soil : water) and SO 4 2concentration in saturation extracts of soil paste were determined. Sulfate was measured using ICP-AES Thermo 6000 series.
Greenhouse experiment
The effect of TES application in combination with nitrogen fertilizer on plant growth and nitrogen uptake by zea maize was conducted under greenhouse conditions. In a pot, at first 3.80 kg soi, which collected from Adam Village was plac followed by about 500 ml water, then1.00 kg soil, which contains the basal nutrients (800 mg N + 500 mg P + 900 mg K) and sulfur, was added to the pots then the soil was saturated with about 130 ml water. Ten seeds of corn (cv: hybrid single 110) were distributed over the soil surface then covered by about 200 g soil. Sulfur application was added in 4 rates: 0 (S0), 0.615 (S1), 3.08 (S2) and 6.15 g pot -1 (S4) which represent 0.00, 0.1, 0.5 and 1.0 ton ha -1 . Sulfur-oxidizing bacteria Thiobacillus thiooxidans were added to the soil at a rate of 10 ml pot -1 (each ml contains 1x10 6 cfu) after carrying it on 50.0 g peat moss and mixed with the soil mixture and then were transferred on to the soil in the pot.
After preparing the pots, they were weighed and arranged in the greenhouse in a randomized complete design. The pots were placed on a scale daily and water was applied to reach their original weight. After 10 days of emergence, the growing seedlings were thinned to five strongest ones. After 10 and 17 days, 300 mg N were added to each pot.
After 40 days of submergence, plants were withdrawn and the fresh weight of the whole plant, shoot and root was recorded. The plants were then washed with tap water then by distilled water then were oven-dried at 70 o C for 24 hrs, weighed and crushed. The total nitrogen content in the oven-dried plant material was determined in both roots and shoots using Kjeldahl digestion and distillation methods (Baker and Thompson, 1992) .
The data obtained were statistically analyzed and the analysis of variance for the results were obtained by the program of Costat software (Costat, 1985) .
RESULTS AND DISCUSSION
Ammonia volatilization
The results of daily NH 3 -N volatilization (loss as % of applied N) from surface-applied urea (U) and amended urea with different rate of TES (U, U+S1, U+S2 and U+S3) to Abu Bakr, Adam and Mostafa Ismail soils are shown in Fig. 1 . The ammonia loss per day was the highest at day 26 with urea and amended urea with TES in Abu Bakr soil, while it reached peak rates at day 10 with urea and day 5 with amended urea with TES in Adam and Mostafa Ismail soils, respectively. The peak rates of NH 3 volatilization from amended urea with TES were strikingly lower than that of the unamended urea, particularly in Adam and Mostafa Ismail soils. The maximum volatilization rate from urea and amended urea with TES for the different soils are being in the order: Mostafa Ismail > Abu Bakr > Adam. This order was related to CaCO 3 content in the studied soils.
The cumulative NH 3 -N loss from urea and amended urea with different rates of applied TES to the three tested soils is shown in Fig.2 . The results showed that the cumulative NH 3 -N loss started gradually to increase after 2 days from fertilizer application until the end of incubation period with urea in the three tested soils, and with urea amended with TES in Abu Bakr soil. However, it was lower for the amended urea with TES than for the unamended urea throughout the experimental period, particularly in Adam and Mostafa Ismail soils. In the urea-treated soils, it was observed that the order of cumulative N losses were Mostafa Ismail> Adam> Abu Bakr within the first 18 days of incubation (Fig. 2) , then were in the order Abu Bakr > Adam> Mostafa Ismail until the end of the experiment (30 days).
The effect of amended urea, with different rates of TES, on total NH 3 volatilization loss and is shown in Table 2 . The total NH 3 volatilization from urea-treated soils were 50.32, 49.76 and 66.56 % in Abu Bakr, Adam and Mostafa Ismail soils, respectively. Significant reductions in NH 3 volatilization were observed in urea amended with TES and this reduction increased by increasing TES rate. The percentage inhibition in NH 3 loss as a result of application of different rates of TES ranged between 14.60-37.52, 75.28-84.52 and 70.00 -77.42 in Abu Bakr, Adam and Mostafa Ismail soils, respectively. The effect of amended urea with different rates of TES on the changes in the pH and sulfate concentration of the tested soils after 30 days of incubation are shown in Table 3 . Application of TES significantly reduced the soil pH and increased SO 4 2concentration in the three tested soils. The soil pH was reduced by values ranged between 0.36 -0.63, 0.28-0.47 and 0.21-0.39 pH unit in Abu Bakr, Adam and Mostafa Ismail soils, respectively. = (A -B)/A x 100 where A and B stand for loss from urea 
Nitrogen uptake by corn
The pot experiments carried out under greenhouse conditions showed that application of TES with urea-N fertilizer had significant effect to enhance the N uptake by corn plants. Table (4) presents the total uptake of nitrogen by plant roots and shoots. Nitrogen is considered the major macronutrient required by plants from the early growth stages and its translocation to the upper parts starts sooner after N uptake by plant roots. Therefore, its concentration in the plant shoots of corn always higher than in the plant roots (Table 4 ). Soil inoculation by T. thiooxidans without any addition of S increased the N concentration in both shoots and roots (22.25 and 19.5%, respectively, more than those occurred in the control treatment).
Application of elemental sulfur markedly increased nitrogen uptake by both plant shoots and roots (Table 4 ). Nitrogen content in plant shoots increased by about 24.14, 51.55 and 60.87% in S1, S2 and S3-treated soils relative to in the control treatment and in the plant roots were 29.79, 27.84 and 31.12%, respectively, relative to the control treatment (Table 4 ). Application of S and S-oxidizing bacteria together in the soil resulted in more increase in N uptake in both shoots and roots of plant as compared with only S-treated or bacteria-treated soils. Figure ( 3) summarizes the results of total N uptake by corn plants as a function of S application rate and inoculation with S-oxidizing bacteria (T. thiooxidans). In general, without bacterial inoculation, applied S by the rates of 0.5 and 1.0 t ha -1 significantly increased the total N uptake by corn plants comparing with the control or S1 (0.1 t ha -1 )-treated soils. On the other hand, there were marked differences in the uptake in the plants treated with S2 and S3. Soil inoculation by T. thiooxidans showed that total N uptake by plants grown in soils treated with S1 and S2 was increased more than that obtained with S3-treated soil (Fig. 3) . Also, the results of N uptake from the soil treated with S1+inoculants were more than those monitored in all three rates of applied S. In addition, we can report from Fig. 3 that the role of T. thiooxidans is negligible in the soils amended with 1.0 t S ha -1 . Results of N uptake by corn were similar to previous studies. Chaubey et al. (1993) found increases in N uptake by linseed grains and straw as a result of S application to the sandy loam soils. Singh and Chaudhari (1995) recorded higher concentrations of N in tissues of peanut plants grown on calcareous soils with applied S compared to those without S.
The reduction of NH 3 -N volatilization obtained, in this study, as a result of TES application with urea-N fertilizer might be due to neutralization of the alkaline urea microsites by the H 2 SO 4 generated by TES upon oxidation (Blaise and Prasad 1995) . Under aerobic conditions and in the presence of moisture, sulfur undergoes oxidation, producing H 2 SO 4 and then the acidic environment in the soil (low pH) favors the conversion of NH 3 to NH 4 + and thus suppresses NH 3 volatilization (Fenn and Hossner 1985) .
In the current study, soils response to applied sulfur in reducing NH 3 volatilization, from surface urea-N received soils markedly differed; with respect highly and moderately CaCO 3 content in soils such as which are used in the current study. It is found that S application strongly inhibits the hydrolysis process of urea even with the lowest rate of applied S (0.1 ton ha 1 ). The concentration of native soil water soluble sulfate is another observation can play a role in the influence of TES application on NH 3 volatilization from soil surface. It seems that the high concentration of SO 4 2in soil solution occurred in Abu Bakr soil (46.04 meq L -1 ) retarded or inhibited the process of sulfur oxidation. It is obvious that SO 4 2is one of the end products of the biological S oxidation reaction (Schippers et al., 1996) . Therefore, increasing one of the end products in soil solution might inhibit the oxidation process. One of the confirming indicators was the released of SO 4 2to the soil solution as a result of TES application (Table 3) , where more SO 4 2released as the concentration of native soil SO 4 2decreased. The present study showed highly significant effects of THIOPAQ sulfur (TES) application and/or S-oxidizing bacterial inoculation on biomass production and N uptake by corn plants ( Table 5) . Increasing of N uptake by inoculated plants in the absence of applied TES (S0) indicated to some roles of inoculants such as releasing or exudation of growth promoting substances or nitrogen uptake stimulators in the rhizosphere. However, these suggestions need further investigations under more controlled conditions. It can be concluded, therefore, that application of S by the rate 0.5t ha -1 to the corn plants grown on calcareous soil can be recommended for increasing N use efficiency. However, this recommendation also requires some verification tests under field conditions. Table (5): Two-way ANOVA significance levels of the effects of sulfur application and T. thiooxidanse bacteria on the mean of fresh and dry weight and total N uptake by corn plants. at *p< 0.05, **p< 0.01, ***p<0.001or n.s. not statistically significant.
Factors
Measured Variables Fresh Weight
Shoot DW Root DW Total N Sulfur (S) *** *** *** *** Bacteria (B) *** ns ** ** Interactions ** ns ns ns
